Fli-1 is an ETS-domain transcription factor whose locus is disrupted in Ewing's Sarcoma and F-MuLV induced erythroleukaemia. To gain a better understanding of its normal function, we have isolated the zebra®sh homologue. Similarities with other vertebrates, in the amino acid sequence and DNA binding properties of Fli-1 from zebra®sh, suggest that its function has been conserved during vertebrate evolution. The initial expression of zebra®sh¯i-1 in the posterior lateral mesoderm overlaps with that of gata2 in a potential haemangioblast population which likely contains precursors of blood and endothelium. Subsequently,¯i-1 and gata2 expression patterns diverge, with separate¯i-1 and gata2 expression domains arising in the developing vasculature and in sites of blood formation respectively. Elsewhere in the embryo,¯i-1 is expressed in sites of vasculogenesis. The expression of¯i-1 was investigated in a number of zebra®sh mutants, which affect the circulatory system. In cloche, endothelium is absent and blood is drastically reduced. In contrast to the blood and endothelial markers that have been studied previously,¯i-1 expression was initiated normally in cloche embryos, indicating that induction of¯i-1 is one of the earliest indicators of haemangioblast formation. Furthermore, although¯i-1 expression in the trunk was not maintained, the normal expression pattern in the anterior half of the embryo was retained. These anterior cells did not, however, condense to form blood vessels. These data indicate that cloche has previously unsuspected roles at multiple stages in the formation of the vasculature. Analysis of¯i-1 expression in midline patterning mutants¯oating head and squint, con®rms a requirement for the notochord in the formation of the dorsal-aorta. The formation of endothelium in one-eyed pinhead, cyclops and squint embryos indicates a novel role for the endoderm in the formation of the axial vein. The phenotype of sonic-you mutants implies a likely role for Sonic Hedgehog in mediating these processes. q
Introduction
During vertebrate embryogenesis, ventral regions of the mesoderm form the precursors of the blood and vascular system as well as the kidney primordia (reviewed in Zon, 1995) . Haematopoiesis appears to be coupled to endothelial development in many vertebrates with both blood and endothelial cells forming simultaneously in the extraembryonic blood islands from a putative common`haemangioblastic' lineage (Pardanaud et al., 1987 (Pardanaud et al., ,1996 Pardanaud and Dieterlen-Lievre, 1995) . In zebra®sh, these cell types form entirely within the embryo but are still coupled. Blood forms ventrally to the notochord in conjunction with the major blood vessels and several zebra®sh mutants point to the existence of genes that are required for the formation of www.elsevier.com/locate/modo both lineages (Stainier et al., 1995; reviewed in Zon, 1995) . However, the molecular mechanisms that control this cell speci®cation and the formation of the precise patterns of blood and blood vessels remain poorly understood.
Several members of the ETS-domain family of transcription factors are involved in haematopoietic and endothelial development. All ETS-domain family members contain a conserved DNA-binding domain and bind to promoter sequences containing ets-motifs resembling the core consensus sequence (C/A)GGA(A/T) (reviewed in Sharrocks et al., 1997; Graves et al., 1998) . For example, Fli-1 has been shown to bind and activate promoters containing ets-motifs Rao et al., 1993; Zhang et al., 1993) . Loss-of-function targeted mutagenesis studies in mice have implicated PU.1/Spi-1 in control of lymphoid and myeloid lineage development (Scott et al., 1994; McKercher et al., 1996) . Other family members, such as c-ets-1 and ck-erg are initially expressed in both the haematopoietic and vascular cell populations (Queva et al., 1993; Dhordain et al., 1995) . ets-1 has been proposed to be involved in invasive processes associated with haematopoietic and vascular development (Vandenbunder et al., 1995) . To elicit their functions, many ETS-domain proteins act as targets of signal transduction pathways thereby converting extracellular signals into nuclear responses. Notable examples include MAP kinase pathways signalling to the TCF subfamily of ETS-domain proteins (reviewed in Cahill et al., 1996) and the Drosophila ETS-domain proteins yan and pointed (pnt) (Brunner et al., 1994; O'Neill et al., 1994) . In the case of yan/pnt, these proteins transduce a signal required to pattern the Drosophila eye. Other ETSdomain proteins exhibit developmentally regulated or tissue-speci®c expression patterns suggesting that they play key roles in developmental processes (reviewed in Sharrocks et al., 1997; Graves et al., 1998) .
Overexpression of Fli-1 plays a pivotal role in the induction of erythroleukaemias, suggesting that it may play a role during normal haematopoietic development. Indeed, Fli-1 was originally cloned from the integration site of the Friend murine leukaemia virus (F-MuLV) in a murine erythroleukaemia cell line (Ben-David et al., 1991) . Similar integrations are observed in the majority of F-MuLV induced erythroleukaemia cell lines (Ben-David et al., 1991) . Moreover, Fli-1 is expressed at high levels in many human erythroleukaemia cell lines . In addition, the majority of human chromosomal translocations that result in Ewing's sarcoma and related tumours involve the fusion of the EWS gene to the¯i-1 gene which results in proteins comprising the N-terminal region of EWS and a variable length of the C-terminal region (containing the ETS-domain) of Fli-1 (Zucman et al., 1993) . Overexpression of Fli-1 in transgenic mice leads to the development of an immunological renal disease (Zhang et al., 1995) .
In the adult, Fli-1 expression is restricted to the spleen, heart, lung and thymus (Ben-David et al., 1991) . In mouse embryos,¯i-1 has been shown to be expressed in haematopoietic tissues and possibly in neural crest cells (Melet et al., 1996) . A Fli-1 homologue has also been identi®ed in Xenopus (Xl-¯i) and its mRNA was initially thought to be localised to the neural crest (Meyer et al., 1993) , although more recent studies demonstrate expression in angioblasts and endothelial cells (Meyer et al., 1995) . The investigation of Fli-1 function in other vertebrates is therefore required to test a possible conserved role in vasculogenesis and haematopoiesis. It is unknown how¯i-1 expression relates to that of genes that are known to be involved in haematopoiesis such as the GATA family (reviewed in Weiss and Orkin, 1995; Simon, 1995) . The differentiation of blood cells is dependent upon both GATA-1 and GATA-2 in mice, and both are expressed in haematopoietic precursors in zebra®sh . The process of vasculogenesis by endothelial cells is less well understood in the zebra®sh, although mutations such as cloche show defects both in the formation of the vasculature and in blood cell differentiation at a very early stage (Stainier et al., 1995) . Recent studies using¯k-1, a VEGF receptor, as a marker gene indicate a role for signals from the notochord in the formation of the dorsal aorta (Fouquet et al., 1997; Sumoy et al. 1997) .
In order to gain a better understanding of the role of Fli-1 in vertebrate development, we have isolated its zebra®sh homologue. Zebra®sh Fli-1 is highly conserved at the amino acid level with mammalian and Xenopus homologues ( , 75% identical throughout its length) and functionally in its DNA-binding properties. In situ hybridisation shows that i-1 expression during early zebra®sh development is predominantly mesodermal, and is detected in areas in which early haematopoiesis is initiated and in areas of early vasculogenesis. The expression of¯i-1 initially overlaps with that of the transcription factor gata2, which is associated with regulation of early haematopoietic development, identifying a potential haemangioblast population.
The zebra®sh mutant cloche, in which blood and endothelium formation is severely compromised, has previously been interpreted as acting in the early lateral mesoderm, resulting in a failure to form haemangioblasts (Orkin and Zon, 1997; Thompson et al., 1998) . The expression of¯i-1 in cloche mutants indicates that the phenotype is more complex and that cloche is likely to act at several points in the formation of the vasculature. Examination of¯i-1 expression in the midline patterning mutants,¯oating head, one-eyed pinhead, cyclops, squint and sonic-you, indicates a role for midline tissues, the notochord and the gut, in the morphogenesis of the axial vasculature, and for Sonic Hedgehog in mediating this.
Results

Isolation of the zebra®sh¯i-1 homologue
A cDNA encoding part of the conserved ETS DNA-binding domain of Fli-1 was ampli®ed from an embryonic zebra-®sh cDNA pool using degenerate oligonucleotides. The resulting partial cDNA was used to screen a cDNA library prepared from 20±24 h zebra®sh embryos. Three cDNAs of identical size (3 kb) were isolated and shown to represent identical clones by restriction mapping (data not shown).
Sequencing of one of the cDNA clones revealed that it contains an open-reading frame of 1515 nucleotides encoding a protein of 451 amino acids with a predicted molecular mass of 51 kDa (Fig. 1) . The predicted initiation codon is located 12 nucleotides downstream from an in-frame stop signal (TGA) and partially conforms to the consensus eukaryotic translational initiation sequence (Kozak, 1987) with A and G at the strongly in¯uential 23 and 24 positions, respectively. The predicted amino acid sequence possesses 73.7, 74.7 and 74.3% overall identity with the previously characterised Xenopus, mouse and human homologues of Fli-1 (Fig. 2) . This sequence similarity is present throughout the length of the protein, with the strongest identity being within the ETS DNA-binding domain (96% over 85 amino acids) (Fig. 2) . In contrast, zebra®sh Fli-1 exhibits only 18% and 13% overall amino acid identity with the haematopoietically expressed mammalian PU.1 and Ets-1 transcription factors. The very strong sequence identity indicates that the cDNA we have cloned most likely represents the zebra®sh homologue of human Fli-1. Recently, a cDNA encoding a zebra®sh Fli-1 homologue was cloned in an independent study (Thompson et al., 1998) . However, in contrast to the protein predicted from the cDNA we have isolated, the reported sequence of zebra®sh Fli-1 lacks the N-terminal 33 amino-acids and the C-terminal 24 amino acids. We believe our sequence to be correct as both of the extended termini exhibit signi®cant homology with their counterparts in other vertebrates (Fig. 2) , and the in vitro translated proteins give rise to proteins of the correct predicted sizes ( Fig. 3B and data not shown).
To determine if phosphorylation may in¯uence its activity, the predicted zebra®sh Fli-1 amino acid sequence was searched for putative phosphorylation sites using Prosite (PcGene) and revealed one tyrosine kinase, ®ve PKC and eight casein kinase II sites. In addition the protein sequence was analysed for putative MAP kinase phosphorylation sites as a number of the activities of ETS-domain proteins, including TCFs (reviewed in Treisman, 1994) , Yan (Rebay and Rubin 1995) , Ets-1 and ER81 (Janknecht, 1996) have been shown to be regulated through MAP kinase signalling cascades. Eight putative MAP kinase sites were found to be present, two of which (residues 78 and 244) are conserved in all four Fli-1 homologues. Evolutionary conservation of these putative MAP kinase target sites suggests a potential in vivo role for phosphorylation in the regulation of Fli-1 activities.
DNA-binding properties of zebra®sh Fli-1
Many ETS-domain proteins do not exhibit identical DNA-binding properties even though they share a signi®- Fig. 2 . Comparison of the amino acid sequence of the zebra®sh, Xenopus (Meyer et al., 1993) , mouse (Ben-David et al., 1991) and human (Watson et al., 1992) Fli-1 proteins. z, x, m, and h refer to zebra®sh, Xenopus, mouse and human respectively. Residues identical between all proteins are indicated by (*). The highly conserved HLH and ETS-domains are indicated by shaded boxes. Two additional human Fli-1 clones have been isolated (Prasad et al., 1992; which differ slightly from the gene isolated by Watson et al. (1992) . The gene cloned by Prasad et al. (1992) differs by 2 nucleotides resulting in an amino acid change (E-Q) at position 323 within the ETS-domain. The gene cloned by Hromas et al. (1993) differs by 3 nucleotides resulting in 2 amino acid changes P-A and W-V at positions 130 and 133, respectively. cant degree of sequence identity (e.g. Price et al., 1995) . The DNA binding characteristics of zebra®sh Fli-1 were therefore investigated to see if it is functionally analogous to its mammalian homologues. Mammalian homologues of Fli-1 have been shown to bind to high af®nity ets-binding sites May et al., 1993; Mao et al., 1994; Bailly et al., 1994) including the Drosophila E74 site (Rao et al., 1993; Zhang et al., 1993) . Moreover, chromosomal translocations give rise to an EWS-Fli-1 fusion protein which retains its DNA-binding ability in the absence of its natural N-terminal region Bailly et al., 1994; Mao et al., 1994; Lessnick et al., 1995) . A truncated (106 amino acid) Fli-1 derivative, which encompasses the ETS DNA-binding domain, retains the ability to speci®cally bind DNA (Mao et al., 1994) .
The binding of full-length and truncated zebra®sh Fli-1 proteins (Fig. 3A) to the E74 ets-binding site was analysed. N-ETS and NC-ETS contain N-terminal truncations in an analogous position to that observed in the majority of EWSFli fusions (Zucman et al., 1993) and ETS contains just the Fli-1 ETS DNA-binding domain. Full-length and truncated proteins were produced by coupled in vitro transcription translation (Fig. 3B ). All the tested proteins bound to the E74 site (Fig. 3C ). An apparent stimulation of binding is observed upon truncation of the N-terminal 219 amino acids (Fig. 3, compare lanes 1 and 2) . This may re¯ect deletion of an inhibitory region or alternatively inef®cient folding of the full-length protein in vitro. DNA binding is retained after further truncation of regions N-and C-terminal from the ETS-domain (Fig. 3C, lanes 3±5) .
The strong similarity in DNA-binding characteristics suggests that zebra®sh Fli-1 is functionally analogous to its mammalian homologues.
Zebra®sh¯i-1 expression in haematopoietic and endothelial precursors during embryogenesis
The expression pattern of¯i-1 mRNA was analysed by whole-mount in situ hybridisation in wild-type zebra®sh embryos at stages between 10 h post fertilisation (hpf) (end of gastrulation) and 2 days of development (Fig. 4) . Embryonic¯i-1 expression is predominantly mesodermal. Transcripts are ®rst detected at the end of gastrulation (approximately 10 hpf) in bilateral stripes, 4±5 cells wide, located near the lateral edges of the mesoderm (Fig. 4A,D) . Expression is strongest in the trunk and tail. Fli-1 expression increases in the lateral mesoderm along the entire axis during segmentation in two continuous bands that form a horseshoe shape surrounding the axial and paraxial mesoderm (Fig. 4B,E) . During later stages of the segmentation period (19±22 hpf), the horseshoe-shaped pattern of zebra®sh¯i-1 expression in the trunk and tail resolves into endothelial precursors and sites of blood formation in the midline (Fig. 4F,G,J) . At the same stage, diffuse aggregates of mesenchymal expression are found throughout the pharyngeal region on either side of the head which become progressively separated into the primordia of the pharyngeal arches that will later become the jaw and gills (Fig.  4C,G,H,I ). In the tail,¯i-1 expressing cells form a large mass posterior to the yolk extension in the position of the presumptive undifferentiated haematopoietic progenitors within the intermediate cell mass (Fig. 4F ). In addition, many of the¯i-1 expressing cells in the trunk and tail become aligned in rows in the midline and by 22 hpf are found in the walls of major vessels including the dorsal aorta, axial vein and intersegmental vessels (Fig. 4J ). Medially oriented protrusions of expressing cells in the anterior trunk denote the precursors of intersegmental vessels. These vessels appear progressively from anterior to posterior following the formation of the somite boundaries. Initially, the position of each intersegmental vessel is pre®gured by a single¯i-1 expressing cell. In addition,¯i-1 also appears to be expressed in bilateral stripes more anteriorly in the position of precursors of the pronephric kidney (Fig. 4M) .
In the head, the mesenchymal expression of zebra®sh¯i-1 becomes resolved predominantly into endothelial and heart precursors. By the middle of the pharyngula period (28 hpf), groups of expressing cells become segregated into each pharyngeal arch primordium and the outlines of major blood vessels become evident (Fig. 4H) . One of the most striking areas of expression is in the large vessel that forms dorsally at the boundary between the midbrain and hindbrain. The presumptive endocardial precursors of the heart also express¯i-1 by this time and are the only expressing cells in such a medial position in the head.
By the end of the segmentation period, zebra®sh¯i-1 expression is clearly localised to the posterior compartment of the intermediate cell mass (ICM) and endothelia and becomes progressively downregulated in these tissues as they differentiate (compare Fig. 4J ,K,L). Fli-1 expression in the head is maintained during this period (Fig. 4G,H,I ). Based on the early position and eventual locations of¯i-1 expressing cells in the vessel linings and blood precursors, we believe that early¯i-1 expression is primarily restricted to the haematopoietic and endothelial cell lineages.
Initial coexpression of gata2 and¯i-1 resolves into separate expression domains
The initial expression pattern of¯i-1 appeared identical to that of gata2, whereas its later expression clearly differs our unpublished data) . gata2 is expressed in early haematopoietic lineages in all vertebrates studied and is required for haematopoietic development in mammals (reviewed in Weiss and Orkin, 1995; Simon, 1995) . In order to investigate further the relationship between¯i-1 and gata2 expression, as well as possible links between blood formation and vasculogenesis, the expression pattern of¯i-1 was compared with that of gata2 by double in situ hybridisation with probes for both genes. The embryos were sectioned to determine the degree of overlap in expression (Fig. 5) .
At 12 hpf, soon after expression in the mesoderm is initially detectable,¯i-1 (red) and gata2 (blue/purple) are coexpressed in the posterior lateral mesoderm (Fig. 5A ). The expression of¯i-1 is stronger laterally whereas gata2 expression is stronger medially. By 16 hpf, the lateral mesodermal cells appear to have migrated medially, ventrally to the somites. At this time, the expression domains of the two genes begin to separate. The more medial cells express¯i-1 more strongly (Fig. 5B , white arrowhead), while the lateral mesodermal cells have higher levels of gata2 (Fig. 5B , black arrowhead). Co-expression of¯i-1 and gata2 is observed in cells located between these expression domains ( Fig. 5B , open arrowhead). At 18 hpf, in cells located over the yolk cell extension,¯i-1 is predominantly expressed towards the midline (Fig. 5C ). More anteriorly within the trunk,¯i-1 expressing cells have fused to form the dorsal aorta, whereas the cells predominantly expressing gata2 are near the midline (Fig. 5D ). There are also cells more lateral that contact the endoderm, in which higher levels of¯i-1 are visible on one or both sides of the embryo, depending on the section viewed (e.g. Fig. 5C , left hand white arrow). This indicates that lateral¯i-1 expression is non-continuous along the axis. These cells most likely represent precursors of the axial vein. In the trunk, at 24 hpf, two clear expression domains of¯i-1 can be seen which represent, dorsally, the dorsal aorta and ventrally, the axial vein (Fig. 5F ). Between these domains lies an area of cells which consists of differentiating blood cells that appear to predominantly express gata2 (whose levels at this stage are just above the threshold for detection) (Fig. 5F ). At this timepoint, a population of cells which strongly co-express¯i-1 and gata2 are located posterior to the cloaca in the posterior compartment of the ICM (Fig. 5E) .
In summary our data show dynamic overlapping patterns of¯i-1 and gata2 expression. The initial population of lateral mesoderm cells co-expresses¯i-1 and gata2 and gradually separates into two populations. Coexpression is maintained during late embryonic development (24 hpf) in the posterior part of the intermediate cell mass containing the undifferentiated haematopoietic precursors whereas anteriorly, gata2 expression becomes restricted to haemato- poietic cells and¯i-1 expression is limited to cells which form the vasculature. The initial coexpression of¯i-1 and gata2 suggests that the posterior population of cells may represent a haemangioblast pool which gives rise to further blood cells and the vasculature of the tail.
Expression of¯i-1 in mutant embryos
Since¯i-1 is expressed in the precursors of the endothelial and haematopoietic populations of the embryo, and subsequently in the blood vessels themselves, we were interested to examine its expression in embryos in which these tissues are disrupted. The mutant lines studied were cloche (clo), and ®ve mutants, affecting midline development:
oating head (¯h), one-eyed pinhead (oep), cyclops (cyc), squint (sqt) and sonic-you (syu).
The cloche mutation (Stainier et al., 1995) , which has not yet been cloned, is characterised by a lack of endocardium and by the absence of differentiated endothelial cells including those which form the major vessels of the trunk. In addition, the number of blood cells is severely reduced. The expression of several genes characteristic of blood and endothelium has been examined. The expression of the haematopoietic transcription factors gata1 and gata2 is absent from clo embryos early in development (Stainier et al., 1995) and severely reduced in level and extent at later stages (Liao et al., 1997) . Similarly, the expression of SCL, which is expressed in blood and endothelial progenitors, is lost from the earliest stages (Liao et al., 1998) . In clo embryos, expression of the receptor tyrosine kinase,¯k-1 (VEGFR-2), which is expressed predominantly in endothelial cells and their progenitors, is virtually undetectable, while the later endothelial marker, tie-1, is lost completely (Liao et al., 1997) . These data have been interpreted as implying that the clo mutation acts at a very early stage in the formation of the precursors of the blood and endothelium, possibly at the stage of differentiation of haemangioblasts from the lateral mesoderm. We therefore examined expression of¯i-1 message (which is expressed in the early haemangioblast population, Figs. 4 and 5) in embryos derived from crosses between ®sh carrying the clo s5 allele of cloche (kindly provided by Wayne Liao and Didier Stainier).
At 7 somites, mutant and wild type siblings could not be distinguished by their¯i-1 staining, showing that, unlike other markers which have been tested (Stainier et al., 1995; Liao et al., 1997; Liao et al., 1998) ¯i-1 expression is initiated normally in clo embryos (Fig. 6A) . By 17 somites (Fig. 6B) , clo homozygous embryos can be clearly distinguished from their siblings by their altered¯i-1 expression. Expression in the trunk is virtually undetectable (Fig. 6B, black arrows) , while that in the ICM posterior to the anus is severely reduced compared to that in wild-type siblings (Fig. 6B, white arrow) . In contrast, the pattern of¯i1 expression in the head appears normal, while its level is only slightly reduced. This ®nding has been reproduced both in this laboratory and con®rmed in that of Didier Stainier (pers. commun.) . The genotype of the cross was con®rmed by analysing expression of SCL in the same clutch: the expected proportion (25%) of embryos lacked SCL expression. At 24 hpf, when the expression of¯i-1 in the major vessels of the trunk can clearly be seen in wild type embryos,¯i-1 expression is absent from the whole of the trunk of clo embryos (Fig. 6C) . Weak expression is maintained in the post-anal ICM (Fig. 6C, white arrow) . This is likely to correlate with the small number of blood cells that are generated in this region in clo embryos. In the head, in wild type embryos, the¯i-1 expressing cells have condensed and are beginning to form the vessels of the head vasculature, including the characteristic vessel running dorsally over the mid-hindbrain boundary (Fig. 6D) . In clo embryos, i-1 staining is maintained in the appropriate general pattern, however the staining is more diffuse, and the cells have a mesenchymal appearance (Fig. 6E ). These data show that, in contrast to the other haematopoietic and endothelial markers previously tested, the initiation of¯i-1 expression is independent of clo function and, except in the trunk, expression is maintained in the correct pattern in clo embryos.
Floating head (¯h n1 )
The¯oating head (¯h) gene encodes a homeoboxcontaining transcription factor of the empty-spiracles subfamily, and is most closely related to Xnot in Xenopus, and Cnot in chicken (Talbot et al., 1995) . In zebra®sh gastrula embryos, its major expression is in dorsal midline tissues, including the precursors of the notochord. Mutation of this gene results in loss of notochord due to a shift in fate of trunk midline cells from axial to paraxial mesoderm .¯h embryos do not establish circulation of blood cells, which instead pool in the trunk midline and posterior to the anus due to a failure to form the trunk vessels correctly (Talbot et al., 1995) .
At early somitogenesis stages, the expression pattern of i-1 in the posterior lateral mesoderm appears normal (data not shown), however, by 24 hpf, the expression pattern of i-1 in the trunk of¯h embryos is clearly abnormal. In contrast to the wild type embryo, where expression can be detected in the dorsal aorta (DA) and the axial vein (AV) (Fig. 7A,B) , in¯h embryos,¯i-1 is expressed in a single domain running along the midline, ventral to the fused somites and just dorsal to the gut (Fig. 7C,D) . This ®nding is in agreement with recent studies (Fouquet et al., 1997; Liao et al., 1997; Sumoy et al., 1997) using¯k1 (VEGFR-2) probe, and indicates a role for the notochord in the organisation of the trunk vasculature. By using¯i-1 as a probe, we have shown that no intersegmental vessels sprout from this domain, which supports the interpretation of Fouquet et al. (1997) that this domain has the characteristics of the axial vein rather than the dorsal aorta, and that the notochord is necessary for the formation of the dorsal aorta. In contrast, the anterior expression of zebra®sh¯i-1 in the head vasculature appears unaffected (data not shown), indicating that the effect of the¯h mutation on¯i-1 expression is localised to the trunk of the embryo.
2.5.3. One-eyed-pinhead (oep tz57 ) The one-eyed-pinhead (oep) gene encodes an extracellular EGF-CFC family protein with maternal and widespread zygotic expression in the early zebra®sh embryo (Zhang et al., 1998 ). It appears to be essential during gastrulation for signalling by nodal-related proteins, including squint and cyclops (see below) (Gritsman et al., 1999) .
In contrast to¯h embryos, oep mutant embryos do form a notochord, but lack the anterior axial mesendoderm, the prechordal plate and ventral neurectoderm, leading to cyclopia Schier et al., 1996; Strahle et al., 1997) . oep embryos also lack gut and other endodermal derivatives (Schier et al., 1997) . In oep embryos, likē h, the blood forms but does not circulate, and pools in the trunk. This may be due to the cardiac defects (small heart and/or cardio-bi®da) seen in these embryos (Schier et al., 1997) , however examination of¯i-1 expression in the trunk uncovers an additional likely cause, in that the trunk vessels are incompletely formed. A single vessel is formed immediately ventral to the notochord (Fig. 7E,F) . By its position, and the fact that it has intersegmental vessels sprouting from it (Fig. 7E, white arrow) , it is likely that this is the dorsal aorta. In contrast, the axial vein, which would normally run immediately dorsal to the gut (which is absent in these mutants), is not formed. Instead, there are disorganised patches of¯i-1-positive cells in the region between the somites, ventral to the aorta and dorsal to the yolk-cell extension. The position of these¯i-1 expressing cells varies from section to section. In the section shown in Fig. 7F , they mostly appear to be adhering to the ventro-medial aspect of the somites, while in other sections, they lie in the position of the absent gut, immediately dorsal to the yolk-cell extension (data not shown). In no cases have we seen these cells to form an endothelial tube in the position of the axial vein. This results in the red blood cells (which can be identi®ed by their characteristic morphology: Fig. 7F , black arrowheads) accumulating in the space between the somites, ventral to the aorta, sometimes interspersed with the disorganised¯i-1 positive cells.
Since the formation of the axial vein, which lies immediately dorsal to the forming gut, is disrupted in oep embryos that lack the gut, this implied that signals from the endoderm might be responsible for inducing the morphogenesis of the axial vein. However, oep embryos have multiple patterning abnormalities in addition to the absence of endoderm. We therefore examined the formation of the trunk vessels in two mutants, squint and cyclops, which express subsets of the defects present in oep.
Cyclops (cyc b16 )
The cyclops gene encodes a member of the nodal-related sub-family of TGF-b type signalling molecules. It is initially expressed in the germ-ring, during gastrulation in the axial mesendoderm and later in the neurectoderm (Rebagliati et al. 1998; Sampath et al. 1998) . Mutations in this . Expression of¯i-1 in the posterior lateral mesoderm is indistinguishable in wild-type and clo embryos (25% of embryos from a cross between heterozygotes are expected to be clo 2/2 ). This result indicates that expression of¯i-1 is initiated normally even in the absence of clo function. (B) 17-somite stage (17.5 hpf). Upper embryo, clo mutant; lower embryo, wild-type (wt.). In the clo mutant embryo, the expression pattern of¯i-1 in the anterior part of the embryo appears normal. In the trunk,¯i-1 is barely detectable (black arrows), while reduced expression can be detected in the ICM posterior to the anus (white arrow). (C) 24 hpf (28±30 somites). Upper embryo, clo mutant; lower embryo, wild-type.¯i-1 expression is completely absent from the trunk, with residual expression in the posterior ICM (white arrow). In the anterior part of the clo embryo, the general pattern of expression appears the same as wild type as shown, for example, by the band of cells passing over the mid-hindbrain boundary (black arrowheads). gene result in multiple midline patterning abnormalities similar to those seen in oep. These include cyclopia, loss of medial¯oor-plate, and downward curved trunk (Hatta et al., 1991 (Hatta et al., , 1994 Hatta, 1992) . However, unlike oep embryos, prechordal plate and endodermal cells are present in cyc embryos, albeit in reduced numbers (Warga and NussleinVolhard, 1999) .
In contrast to oep, cyc embryos are able to establish circulation in the trunk and tail (A. Rodaway, unpublished observations), albeit a few hours later than trunk circulation begins in wild-type siblings. When the formation of trunk vessels was examined using¯i-1 as a marker, these embryos were found to possess an apparently normal dorsal aorta and axial vein (Fig. 7J ) along with the intersegmental vessels coming off the dorsal aorta (Fig. 7I) . In the head of cyc embryos, the condensation of the¯i-1 expressing cells to form vessels appeared normal, however the positioning of these vessels was altered, as expected considering the gross morphological abnormalities in this region (data not shown).
2.5.5. Squint (sqt cz35 ) Like cyclops, the squint gene also encodes a nodal-related signalling molecule (Feldman et al., 1998) . It is expressed maternally, then in the dorsal blastoderm, the YSL (yolk syncytial layer), then the whole of the blastoderm margin and ®nally in the dorsal forerunner cells (Feldman et 1998, Erter et al., 1998) . The phenotype of sqt mutant embryos is similar to cyc, with loss of ventral CNS tissue resulting in cyclopia, while the prechordal plate is reduced (Heisenberg and Nusslein-Volhard, 1997) . Unlike oep embryos, fkd2 expressing endodermal cells are present in sqt embryos (Heisenberg and Nusslein-Volhard, 1997 ) and a gut tube is formed (A. Rodaway, unpublished observations). In the background of the outbred King's College wild type, the expressivity of the sqt phenotype is variable, with, for example, varying degrees of fusion of the eyes. In addition, there is a previously undescribed notochord phenotype, in which the anterior part of the notochord is missing in the majority of sqt embryos.
Almost all sqt embryos lack circulation in the trunk. The occasional embryos which do acquire trunk circulation are those with a weak sqt phenotype: eyes closer together, but with little if any fusion and no apparent truncation of the notochord. Examination of¯i-1 expression reveals the likely reason for the failure of circulation. Typically, the notochord is present in the tail and the posterior part of the trunk. In this region, a dorsal aorta is formed (Fig.  7K,L2 ). In the anterior trunk, the notochord is absent and no DA is formed (Fig. 7K,L1 ). The presence of the DA is tightly correlated to the presence of the notochord providing con®rmation of the importance of the notochord for DA formation, as implied its absence in¯h embryos (Sumoy et al., 1997; Fouquet et al., 1997; this study) . In contrast to the DA, the axial vein forms apparently normally throughout the trunk of the sqt embryos. This is in clear contradistinction to the situation in oep embryos (compare Fig. 7L1,L2 with Fig. 7F) .
Thus, two mutants, sqt and cyc which have similar defects in CNS patterning to oep, both form the axial vein. Unlike oep, these mutants do retain reduced amounts of prechordal plate and endoderm. This implies that either the prechordal plate or the endoderm may be necessary for morphogenesis of the axial vein. Since the axial vein forms immediately dorsal to the forming gut tube, the most likely interpretation is that signals from the endoderm are necessary for axial vein formation.
2.5.6. Sonic-you (syu tbx392 ) The phenotypes of the you-class of mutants are characterised by U-shaped somites. This is thought to arise from a failure in signalling from the notochord and¯oorplate to adjacent tissues, which include the somites . It is likely that some or all of these mutations affect the hedgehog signalling pathway, which is involved in patterning the somites in the zebra®sh (Blagden et al., 1997) . Since this class of mutants also display disrupted circulation, we examined expression of¯i-1 in one of these mutants, sonic-you (syu), which results from mutation in the gene encoding sonic hedgehog (Schauerte et al., 1998) . This gene is expressed in midline structures with signalling ability, including the notochord, the ventral CNS and the endoderm (Krauss et al., 1993; Strahle et al., 1996) . Fli-1 expression is initiated normally (data not shown) and at 24 hpf is found in the trunk of these embryos in the ICM region (Fig. 7G,H) . However, the cells expressing¯i-1 do not form vessels, and remain disorganised. This shows that a signal which is absent in syu mutants is necessary for morphogenesis of the trunk vessels. Since neither the dorsal aorta nor the axial vein are correctly formed in this mutant, this result implies that the notochord and the gut signal to induce vessel morphogenesis either via shh, or by molecules whose expression is dependent on shh.
Discussion
Fli-1 has been implicated in mammalian erythroleukaemias (Ben-David et al., 1991), Ewing's sarcoma (Zucman et al., 1993) and more recently in normal haematopoietic and thymic development (Melet et al., 1996) . In this study we have analysed the DNA-binding properties and embryonic expression of a zebra®sh homologue of the ETS-domain transcription factor Fli-1 within the mesoderm of wildtype and mutant embryos. The expression domains of¯i-1 implicate it in the speci®cation and differentiation of the blood and vascular endothelia during embryogenesis and show similarities to its murine homologue and other ETSdomain family members. Fli-1 is expressed in the very early haematopoietic precursors within the lateral plate mesoderm at the end of gastrulation and later in the endothelial precursors that pre®gure the formation of head, axial and intersegmental blood vessels.
The sequence and activity of Fli-1 is conserved in vertebrate evolution
Zebra®sh and mammalian Fli-1 share a high degree of amino acid identity throughout their lengths and have very similar DNA binding properties. This strongly suggests that these two proteins are homologues. The conservation of MAP kinase sites may indicate a role for receptor tyrosine kinase signal transduction pathways in regulating Fli-1 activity. The Flk-1 VEGF receptor tyrosine kinase may be one such upstream activator as it is involved in controlling both haematopoietic and vasculogenic processes during early development (Shalaby et al., 1995) . Mammalian Fli-1 binds autonomously to sites containing high af®nity ets motifs May et al., 1993; Mao et al., 1994; Bailly et al., 1994) . Moreover, chromosomal translocations give rise to EWS-Fli-1 fusion proteins which retain the C-terminally located ETS-domain and consequently their DNA-binding capacity Bailly et al., 1994; Mao et al., 1994) . Similarly, zebra®sh Fli-1 binds speci®cally to a high af®nity ets-motif and this binding is retained in a minimal polypeptide that encodes the ETS DNA-binding domain. Many ETS-domain proteins bind to promoters in co-operation with other transcription factors. Notable examples include SRF and TCF (reviewed in Treisman, 1994) and PU.1 and PIP1 (Eisenbeis et al., 1995) . To date, no such partners have been identi®ed for Fli-1 although truncated derivatives can form complexes with the SRF transcription factor (Magnaghi-Jaulin et al., 1996; our unpublished data). Our data indicate that other potential partners for Fli-1 would be transcription factors that are involved in the speci®cation of lateral mesoderm derivatives such as the GATA family of transcription factors (reviewed in Simon, 1995; Weiss and Orkin, 1995) .
Zebra®sh Fli-1 expression is associated with haemangioblast lineages
Zebra®sh¯i-1 is expressed speci®cally in the lateral mesoderm, long before the blood, vascular and kidney derivatives of this region differentiate. This expression pattern suggests that Fli-1 is involved in the early mediolateral speci®cation of the mesoderm. Co-expression with the gata2 transcription factor is seen at early times whereas distinct expression patterns subsequently develop. gata2 is expressed in an early haematopoietic progenitor population in the embryo and later in development is thought to also be involved in regulating transcription of vasculogenic-speci®c genes reviewed in Zon, 1995) . Taken together, these data suggest that¯i-1 is involved in the development of the zebra®sh blood system and further suggest possible co-operative roles with other haematopoietic regulators such as gata2. A role for Fli-1 in regulating vasculogenic speci®cation is suggested by its expression in these cell types in all body regions: the head, trunk and tail.
Other members of the ETS-domain transcription factor family, including Ets-1 (Queva et al., 1993) and Erg (Dhordain et al., 1995) , also appear to be expressed in cells derived from haemangioblastic precursors. However, the expression patterns of these two genes diverge as development proceeds. In the case of Ets-1, its expression has been proposed to correspond to cells involved in invasive processes associated with haematopoiesis and angiogenesis (Vandenbunder et al., 1995) . It is possible that initially, Ets-1, Erg and Fli-1 will all target a similar set of genes involved in haematopoiesis and vasculogenesis and maintain the expression of these genes in the different lineages in which each ETS-domain protein remains expressed. However, combinatorial interactions with other transcription factors and upstream regulatory pathways are likely to impart speci®c functions on each ETS-domain family member. Further molecular studies are required to distinguish between these possibilities.
The role of zebra®sh Fli-1: comparison with other vertebrates
Overexpression of murine Fli-1 by viral insertion leads to erythroleukaemias (Ben-David et al., 1991) . This suggests that the normal function of Fli-1 may be in either stimulating proliferation or inhibiting differentiation of haematopoietic precursors. The observation that¯i1 expression is associated with early zebra®sh haematopoiesis strengthens this hypothesis. Transgenic mice that overexpress Fli-1 die of an immunological renal disease (Zhang et al., 1995) . Again, the expression of zebra®sh¯i-1 in haematopoietic precursors is consistent with this being a consequence of haematopoietic defects in these transgenic mice. However, zebra®sh¯i-1 expression is also detected transiently in a region consistent with pronephric kidney development: overexpression of¯i-1 may therefore cause defects in early renal development which gives rise to the early renal enlargement noted in¯i-1 transgenic mice and may in part explain, this immunological disease. The¯i-1 homologue in Xenopus (Xl-¯i) is also expressed during embryonic development (Meyer et al., 1993 (Meyer et al., , 1995 . Endogenous Xl-¯i transcripts are ®rst detectable by Northern analysis soon after the end of gastrulation, at the early neurula (stage 12/13), which is a comparable stage of development to the start of somitogenesis in zebra®sh. In Xenopus stage 34±36 embryos, Xl-¯i transcripts are expressed in the sites of vasculogenesis, in the endocardium, and in regions populated by cranial neural crest. At a comparable stage of development in zebra®sh (36 h),¯i-1 expression also occurs strongly in the head both in the branchial arches and around the eye. This could be consistent with neural crest cell expression in the branchial arches. However, whilst we cannot rule this out, zebra®sh¯i-1 expression in all these regions becomes resolved to the blood vessels, which are not derived from neural crest. Ectopic expression of Xl-¯i by RNA injection leads to a wide variety of defects in embryonic development including changes in cell adhesion and anomalies in head and heart development and in erythroid differentiation (Remy et al., 1996) . Injection of high levels of¯i-1 RNA into zebra®sh embryos results in a spectrum of abnormalities which overlap with those seen by Remy et al., however we see similar phenotypes when high levels of other, unrelated, transcription factors are injected. When lower levels of¯i-1 RNA were injected, resulting in embryos without gross abnormalities, we were unable to detect speci®c effects on blood or endothelial development (unpublished results). It appears likely that, at least in zebra®sh,¯i-1 requires either a binding partner or a modi®cation dependent on extracellular signalling in order to affect these processes.
3.4. Fli-1 expression in mutant zebra®sh embryos 3.4.1. cloche
In cloche embryos both the endothelium and the blood are absent, with the exception of a few cells derived from the posterior ICM (Stainier et al., 1995) . The lack of expression of blood and endothelial genes in early embryos (Stainier et al., 1995; Liao et al., 1997 Liao et al., , 1998 has led to the conclusion that the defect in these embryos lies at the level of formation of haemangioblasts from lateral mesoderm (see, for example, Orkin and Zon, 1997) . The expression of¯i-1 in clo mutant embryos has recently been described, but only at a single time-point (24 hpf) (Thompson et al., 1998) . Here we have investigated¯i-1 expression at earlier times and have shown that at 7 somites, when expression of¯i-1 is in the haemangioblastic tissue of the posterior lateral mesoderm, its expression is unaffected by the clo mutation. This ®nding has two implications. Firstly, that part of the mechanism of speci®cation of the lateral mesoderm to form a haemangioblast population is intact in clo embryos, and therefore that clo must act at a stage when cells have acquired some haemangioblast character, rather than before these cells are formed. Secondly, it shows that¯i-1, unlike the other blood and endothelial genes tested, must lie either upstream of, or at the same level as, clo in the hierarchy of differentiation of haemangioblasts. The possibility that¯i-1 is identical to clo has been eliminated by mapping of¯i-1 and clo to different linkage groups (Stainier pers. commun.; Thompson et al., 1998) . Maintenance of¯i-1 expression in the trunk does, however, require the function of clo as is shown by its drastic reduction at 17 somites and absence (with the exception of some residual expression in the post-anal ICM) at 24 hpf. Fli-1 is, however, expressed in the anterior half of clo embryos in the normal spatial arrangement. This provides further evidence that endothelial precursors are patterned correctly and partially differentiated in clo embryos. However, these¯i-1 expressing cells do not condense to form blood vessels, indicating a further role of clo at this stage of vascular endothelial differentiation. This evidence, together with the recent ®nding that clo acts both cell-autonomously and non-autonomously during blood cell formation (Parker and Stainier, 1999) , indicates that the phenotype of this mutant is more complex than hitherto thought, and that the clo gene is likely to act at multiple stages in the formation of blood and endothelium.
Midline patterning mutants
The formation of a single vessel expressing¯i-1 in the position of the axial vein in¯h mutants, which lack a notochord, along with the correlation of the presence of a dorsal aorta with the presence of the notochord in sqt embryos, indicates that a signal from the notochord is necessary for dorsal aorta formation. This con®rms studies performed using¯k-1 as a marker (Liao et al., 1997; Sumoy et al., 1997; Fouquet et al., 1997) .
More interesting is the result obtained with oep embryos which, in addition to lacking ventral neurectoderm and prechordal plate, also lack endoderm (Schier et al., 1997) . oep embryos have an apparently normal dorsal aorta with sprouting intersegmental vessels but lack an axial vein. Instead, disorganised patches of¯i-1 positive cells are found adhering to the ventral aspect of the somites and sometimes the surface of the yolk cell extension. In contrast, cyc and sqt embryos, while having a very similar CNS phenotype to oep, do form endoderm, albeit in reduced amounts. These mutants have apparently normal axial vein formation. The most likely explanation is, therefore, that a signal from the underlying endoderm is necessary for the assembly of the ventral¯i-1 positive cells into a vein.
A clue to the identity of the signal(s) for vessel assembly provided by the notochord and endoderm is provided by the phenotype of syu mutant embryos, which lack functional Sonic Hedgehog (Schauerte et al., 1998) . In these embryos, which have disrupted circulation,¯i-1 positive cells are present in the ICM at 24 hpf, but neither dorsal aorta nor axial vein is formed. Instead, the¯i-1 expressing cells remain dispersed amongst the differentiating blood cells. Since shh is expressed in both the notochord and the endoderm (Krauss et al., 1993; Strahle et al., 1996) it is possible that the signal for vessel assembly is Shh. Alternatively, the signal may itself be induced by Shh. To distinguish these possibilities further studies will be required, including transplants between wild type embryos, syu embryos, and other you-type mutants which act downstream in the signalling pathway from shh (Schauerte et al., 1998) .
The initial generation of the¯i-1 expressing tissue, along with the continued¯i-1 expression in the ICM in the midline patterning mutants, further implies that different signals are involved in the initial generation of haemangioblastic tissue and in the later morphogenesis of the endothelium.
Experimental procedures
Fish maintenance and strains
Fish were maintained using standard methods (Wester®eld, 1993 ) and embryos were produced by natural spawning. The following mutant lines were used: cloche, clo s5 ; oating head,¯h n1 (Talbot et al., 1995) ; one-eyed-pinhead, oep tz57 ; sonic-you, syu tbx392 (Schauerte et al., 1998) ; cyclops, cyc b16 (Hatta et al., 1991) ; squint, sqt z1 (Heisenberg and Nusslein-Volhard, 1997 ) also known as sqt cz35 (Feldman et al., 1998) .
cDNA cloning and plasmid constructs
pAS160 encodes the full-length zebra®sh Fli-1 protein (451 amino acids). A series of plasmids encoding truncated zebra®sh Fli-1 proteins were constructed. The sequences encoding zebra®sh Fli-1 amino acids 219±372, 275±451, 275±372 and 219±451 were ampli®ed from pAS160 by PCR using the oligonucleotides ADS301/302, ADS303/ 304, ADS302/303, ADS 301/304 respectively. The ampli®ed products were cleaved with NcoI and BamHI and ligated into pAS37 cleaved with the same enzymes to produce the plasmids pAS302, pAS303, pAS304 and pAS305 respectively. Details of oligonucleotides used in these constructions can be supplied upon request.
Cloning of zebra®sh¯i-1 and gata2
The DNA encoding the central region of the ETS DNAbinding domain was ampli®ed using two degenerate primers ADS122 (5 H -CG/TIG/CT/AIAG/AT/CTTITCA/GTAA/GT-TCAT-3 H ) and ADS 121 (5 H -T/CTITGGCAA/GTTT/CT/ CTIC/TTICAA/GC/TT-3 H ) from a cDNA pool synthesised from 20±24 h zebra®sh embryos (Oxtoby and Jowett, 1993) . The primers were derived from the conserved amino acid sequences MNYDKLSRA and LWQFLLQLL respectively. PCR products were gel-puri®ed and ligated directly into the T-tailed PCRII vector (Invitrogen). The DNA sequences of individual clones were obtained by dideoxy-sequencing. Six unique partial cDNAs were isolated, one of which (pZE3.3) encodes a polypeptide which is 98% identical to the murine Fli-1 ETS-domain.
Full-length cDNAs were isolated by screening a cDNA library prepared from 20±24 h old zebra®sh embryos constructed in bacteriophage lgt10 using EcoRI-Not I linkers (Oxtoby and Jowett, 1993) . 300 000 plaques were screened in duplicate using single-stranded radiolabelled DNA probes derived from a mixture of the six zebra®sh ETS-domain partial cDNAs (including pZE3.3). Hybridisation was performed overnight at 428C in 50% formamide, 10£ Denhardt's reagent, 0.1% SDS, 4.4£ SSC, 50 mM phosphate buffer pH 6.5 (0.014 M K 2 HPO 4 , 0.036 M KH 2 PO 4 ) and 250 mg/ml denatured, fragmented, salmon sperm (average size 2 kb). Filters were washed for 30 min at 428C in 1£ SSC, 0.1% SDS and for 30 min at 428C (2£), 30 min at 508C (2£) and 45 min at 558C (2£) in 0.1£ SSC, 0.1% SDS. Positive clones were puri®ed to homogeneity through a further three rounds of screening using less stringent wash conditions: 30 min in 1£ SSC, 0.1% SDS and 30 min (2£) in 0.1£ SSC, 0.1% SDS at 428C. Eight clones were puri®ed, three of which contained cDNA inserts corresponding to zebra®sh¯i-1 (ZA, ZB, ZH). cDNA inserts were isolated by Not I digestion of ZA and ligated into pBsSK 1 cleaved with the same enzyme to produce pAS159 and pAS160. Restriction analysis con®rmed that the inserts in each plasmid were in opposite orientations.
Zebra®sh gata2 was cloned from a neurula cDNA library (kindly provided by David Grunwald) by low stringency probing with a fragment of Xenopus laevis GATA-2A containing the conserved DNA-binding domain as described previously (Neave et al., 1995) . The sequence of this cDNA is essentially identical to that published previously 
Preparation of nucleic acid probes
Radiolabelled DNA probes for library screening were synthesised using a random prime kit (Boehringer Mannheim) according to the manufacturer's instructions. Template DNA corresponding to the zebra®sh ETSdomains was ampli®ed by PCR using M13 forward and reverse primers, and the resulting PCR products gel puri®ed prior to labelling. PCR was performed in a ®nal volume of 50 ml containing: 0.02% NP40, 0.2 mM dNTPs, 1.5 mM MgCl 2 , primers (1 mM each), 5 ml 10£ Taq buffer (Promega) and 2 units Taq DNA Polymerase (Promega). Ampli®cation was performed for 32 cycles under the following conditions: 928C, 1 min; 458C, 1 min; 728C, 3 min. Synthesised DNA was separated from free nucleotides using Nick Spin columns (Pharmacia) and denatured prior to hybridisation by heating at 1008C for 2 min.
Digoxigenin-11-UTP and¯uorescein-12-UTP (Boehringer Mannheim) labelled anti-sense RNA probes were synthesised in vitro using either the full-length zebra®sh gata2 (AR and RP unpublished data) or Fli-1 (in pAS159) cDNAs as templates.
Protein production and gel retardation analysis
Full-length and truncated zebra®sh Fli-1 proteins were synthesised in vitro using the coupled transcription/translation TNT TM Rabbit reticulocyte lysate system according to the manufacturers' instructions (Promega). The following templates were used, pAS160 (full-length zebra®sh Fli-1), pAS302 (N-ETS), pAS303 (C-ETS), pAS304 (ETS) and pAS305 (NC-ETS). Resulting 35 S-labelled proteins were routinely analysed by electrophoresis through 0.1% sodium dodecyl sulphate (SDS), 12% polyacrylamide gels before visualisation and quanti®cation of bands representing intact proteins by autoradiography and phosphorimaging (BAS1500 Phosphorimager and TINA 2.08e software; Fuji).
Gel retardation assays were carried out essentially as described previously (Sharrocks et al., 1993) . Equal molar quantities of zebra®sh Fli-1 proteins were used in binding reactions to a 32 P-labelled E74 DNA-binding site (top strand: 5 H -CTAGAGCTGAATAACCGGAAGTAACT-CAT-3 H ).
Whole mount in situ hybridisation
Embryos were staged according to Kimmel et al. (1995) and ®xed in 4% paraformaldehyde. Single colour wholemount in situ hybridisations were carried out essentially as described previously (Jowett and Yan, 1996) . Double in situ hybridisation experiments were performed as described in Gering et al. (1998) . For sectioning, embryos were embedded in agarose, snap frozen and sectioned at 16 mM on a cryostat at 2308C (Wester®eld, 1993) .
